Introduction {#S1}
============

*Arabidopsis thaliana* is an important model system that has played a critical role in discoveries essential to our understanding of plant biology and generically important processes such as RNA interference (RNAi). Although the *A. thaliana* genome was sequenced more than a decade ago, challenges remain to resolve the RNAs that it encodes and to determine their functional significance. Establishing where transcripts end is essential in genome annotation and for understanding gene function. Alternative cleavage and polyadenylation (APA) defines different 3′ ends within pre-mRNA transcribed from the same gene, and this can affect function by determining coding potential or the inclusion of regulatory sequence elements^[@R1],[@R2]^. This regulation of RNA 3′ end formation is considerably more widespread than previously thought^[@R1],[@R2]^ and RNA binding proteins which enable *A. thaliana* flowering provide important examples of the biological impact of this control^[@R3]^. Defective 3′ end formation and transcription termination at tandem or convergent gene pairs can result in transcription interference or RNAi^[@R4],[@R5]^, revealing that these processes normally partition the genome and maintain expression of neighboring genes^[@R6]^. Accordingly, such consequences of uncontrolled 3′ end formation also emphasize the critical nature of gene arrangement along a eukaryotic chromosome.

As a prelude to the analysis of regulators of 3′ end formation, we set out to map *A. thaliana* RNA 3′ ends genome-wide. Previous high-throughput *A. thaliana* transcriptome studies have depended on the copying of RNA into complementary DNA (cDNA) with reverse transcriptase^[@R7]-[@R10]^. However, the intrinsic template switching^[@R11]^ and DNA-dependent DNA polymerase^[@R12]^ activities of reverse transcriptases, together with oligo(dT)-dependent internal priming^[@R13]^, cause well-established artifacts that can affect the identification of authentic antisense RNAs^[@R14],[@R15]^, splicing events^[@R14]^ and RNA 3′ ends^[@R13],[@R16]^. Different strategies have been developed to address these problems, making strand-specific RNA sequencing an increasingly powerful tool for the analysis of transcriptomes. However, a recent comparison of several such methods showed marked differences, not only in strand specificity, but also in a range of criteria that influence transcriptome interpretation^[@R17]^. Therefore, as an alternative, we used Direct RNA Sequencing (DRS) to identify polyadenylated *A. thaliana* RNAs^[@R18]^. This approach is direct in the sense that native RNA is used as the sequencing template, but the sequence is read by imaging complementary fluorescent nucleotides incorporated by a polymerase. In this true single molecule sequencing (tSMS) procedure the site of RNA cleavage and polyadenylation is defined with an accuracy of ± 2nt in the absence of errors induced by reverse transcriptase, ligation or amplification^[@R18]^.

Results {#S2}
=======

Mapping *A. thaliana* RNA 3′ ends {#S3}
---------------------------------

Total RNA purified from *A. thaliana* seedlings was subjected to DRS and a computational procedure to align reads uniquely to the most recent *A. thaliana* genome release (TAIR10) was developed. The initial mapping analysis revealed that the vast majority of reads (89.60%) aligned to protein-coding genes which is consistent with the idea that this approach can identify authentic sites of mRNA cleavage and polyadenylation ([Fig. 1a](#F1){ref-type="fig"}). These data define extremely heterogeneous patterns of RNA 3′ end formation ([Fig. 1b](#F1){ref-type="fig"}) that differ markedly from human mRNAs analyzed in the same way ([Supplementary Fig. 1a](#SD1){ref-type="supplementary-material"})^[@R18]^.

Although non-templated base addition between cleavage sites and the poly(A) tail has been reported from analysis of *A. thaliana* expressed sequence tag (EST) data^[@R19]^, we found no evidence for this phenomenon in our DRS data, suggesting it is an artifact of reverse transcriptase-dependent library construction ([Supplementary Table 1](#SD2){ref-type="supplementary-material"}).

Initially, 8.30% of reads were mapped to intergenic regions ([Fig. 1a](#F1){ref-type="fig"}, [Supplementary Table 2](#SD2){ref-type="supplementary-material"}), but they showed a clear non-random distribution with most aligning within 300 nucleotides downstream of annotated genes ([Supplementary Fig. 1b](#SD1){ref-type="supplementary-material"}). For some genes that lacked annotated 3′UTRs the reads aligned immediately downstream ([Fig. 1c](#F1){ref-type="fig"}), while for others the aligned reads extended beyond annotated 3′ ends ([Fig. 1d](#F1){ref-type="fig"}). Accordingly, we asked whether these apparently intergenic reads defined authentic, but previously unrecognized, 3′UTRs. Consistent with this idea, we found evidence of contiguous RNAs using RT-PCR ([Fig. 1c,d](#F1){ref-type="fig"}) and 3′RACE ([Supplementary Fig. 1c,d](#SD1){ref-type="supplementary-material"}) with one primer anchored in annotated sequence and another targeted either to downstream sequence identified by intergenic DRS reads or poly(A) sequence (in 3′RACE). We developed data smoothing and peak-finding algorithms to address systematically the genome-wide annotation of 3′ ends ([Supplementary Fig. 2a](#SD1){ref-type="supplementary-material"}). This process led us to propose the first 3′ annotation of 165 genes ([Supplementary Table 3](#SD2){ref-type="supplementary-material"}) and re-annotation (by extension) of 10,215 *A. thaliana* protein-coding genes, of which 3,427 were extended by 10 or more nucleotides ([Supplementary Table 4](#SD2){ref-type="supplementary-material"}). Sequencing to greater depth is likely to lead to further re-annotation. A small number of reads initially mapped to 5′UTRs but, following re-annotation of 3′ ends by extension, almost all of these appeared to comprise the 3′ ends of overlapping tandemly arranged genes ([Supplementary Fig. 2b](#SD1){ref-type="supplementary-material"}). Re-annotating the 3′ ends of *A. thaliana* genes in these ways accounted for 48% of intergenic reads, so that 94.10% of all reads could be attributed to *A. thaliana* protein-coding genes ([Fig. 1e](#F1){ref-type="fig"}, [Supplementary Table 2](#SD2){ref-type="supplementary-material"}). The remaining intergenic reads provide a useful resource for the identification of previously undiscovered genes or poly(A)+ RNAs.

Internal oligo(dT) Priming is Rare or Absent in DRS {#S4}
---------------------------------------------------

Of all reads mapping to protein-coding genes, 98.84% mapped to 3′UTRs ([Fig. 1f](#F1){ref-type="fig"}). These findings contrast with previous massively parallel signature sequencing (MPSS) data^[@R7]^ and recent oligo(dT)-primed Illumina cDNA sequencing results^[@R10]^ that have been interpreted to show that a large class of *A. thaliana* mRNAs are cleaved in coding sequence exons^[@R10]^. DRS, which lacks oligo(dT)-dependent reverse transcriptase priming, provided no evidence for this novel class of RNAs, suggesting it is an artifact resulting from internal priming on A-rich sequences. 90.5% of such sites detected by Wu et al.^[@R10]^ were not supported by DRS reads, even though the DRS dataset was larger and expression of exemplar transcripts reported to have coding exon cleavage sites was readily detected ([Supplementary Table 5](#SD2){ref-type="supplementary-material"}). We analyzed the nucleotide composition around this subset of sites and found no clear sequence bias upstream of the aligned reads, but distinct enrichment of A (and G) residues immediately downstream, a profile consistent with internal priming ([Fig. 2a](#F2){ref-type="fig"}). In contrast, the remaining 9.5% of sites that did have DRS support showed a nucleotide profile ([Fig. 2b](#F2){ref-type="fig"}) similar to that derived for *A. thaliana* 3′UTRs^[@R20]^ (and see below), suggesting they reflect genuine cleavage sites. Closer inspection of these rare reads (0.04% of all reads) indicates that their classification as coding exons may be erroneous and explained by incomplete annotation in TAIR10: 70% of such reads map to the last coding exon adjacent to 3′UTRs, while others map to alternatively spliced sequences that constitute a coding exon in one isoform, but intronic sequence in another.

To address the issue of internal priming in a different way, we investigated whether potential internal priming substrates (consisting of six or more consecutive As) were detected in our dataset. There were 25,590 such sequences in 11,246 expressed genes (having 10 or more DRS reads). Since DRS detects the position of 3′ ends with an accuracy of ± 2nt^[@R18]^, to be conservative, we asked how many such sites were matched with 10 or more DRS reads aligned within a 10 nucleotide window upstream. Only 4% of such sites (1024 A≥6 sequences in 983 genes) were matched with DRS reads using these criteria. Since the vast majority of these (97%) mapped to 3′UTRs (996 A≥6 sequences in 959 genes), they may identify authentic 3′ ends. 20,972 A≥6 sequences were found in either the coding sequence or the 5′UTR of 9730 genes expressed in this dataset and so may more readily be identified as potential internal priming substrates. Of these, only 0.13% (27 A≥6 sequences in 27 genes) had 10 or more DRS reads mapping within 10 nucleotides upstream. Finally, of relevance to this issue, our sequencing was performed on total RNA preparations in which the abundance of RNA species is dominated by nuclear and plastid encoded ribosomal RNAs. However, although mitochondrial 26S rRNA (AtMg00020) contains an A6 region, no reads aligning to this sequence were found.

These data underscore the fact that internal priming confounds oligo(dT)-primed analysis of polyadenylated cleavage sites^[@R16]^. Filtering of such datasets to remove sequences that align upstream of genome-encoded A-rich regions is routinely done^[@R10],[@R21]^ (and indeed was done by Wu et al.^[@R10]^), but as we show here, and others have recently shown^[@R16]^, this is insufficient to exclude all internal priming events and is problematic because it may remove authentic 3′ ends from analysis. We conclude that internal priming is rare or absent in DRS and as a result we did not filter any of our uniquely aligned reads from further analyses.

Cleavage and Polyadenylation Within pre-mRNA Introns is Rare {#S5}
------------------------------------------------------------

Sequences aligning to pre-mRNA introns were relatively rare ([Fig. 1f](#F1){ref-type="fig"}) and in many cases, comprised only 1--2 reads. When we restricted analysis to expression levels that could be detected by our peak-finding algorithm, cleavage sites within introns located upstream of 3′UTRs were found in 104 protein-coding genes, including the sites of alternative polyadenylation that effect autoregulation of the flowering regulators *FCA* and *FPA*^[@R3]^ ([Supplementary Table 6](#SD2){ref-type="supplementary-material"}, [Supplementary Fig. 3a,b](#SD1){ref-type="supplementary-material"}). Cleavage sites within introns located in 3′UTRs were found in 114 protein-coding genes ([Supplementary Fig. 3c](#SD1){ref-type="supplementary-material"}, [Supplementary Table 7](#SD2){ref-type="supplementary-material"}), indicating that such introns are more likely to be sites of alternative cleavage and polyadenylation than are all other introns combined. Since the splicing of introns within 3′UTRs can affect 3′UTR length and lead to nonsense-mediated RNA decay (NMD), alternative polyadenylation/splicing in these pre-mRNAs may be of regulatory significance^[@R22]^.

Identification of Poly(A)+ Exosome Target RNAs {#S6}
----------------------------------------------

Although the vast majority of reads aligned to protein-coding gene 3′UTRs, we also detected reads (0.37% of all reads) that aligned to non-coding RNAs, such as rRNA, snRNAs and snoRNAs (but not tRNAs) transcribed by RNA polymerase I, II or III (see [Fig. 3a,b](#F3){ref-type="fig"}, for examples). As these RNAs are established targets of the exosome it was possible that RNAs oligoadenylated by the Trf4/Trf5-Air1/Air2-Mtr4 polyadenylation (TRAMP) complex for exosome processing^[@R23]^ were being detected in addition to mRNAs polyadenylated by the cleavage and polyadenylation machinery. This was unexpected because the rapid processing/decay mediated by the exosome means that targets are usually only detected in genetic backgrounds defective in exosome function^[@R24]^.

*A. thaliana* snoRNA loci are often organized in polycistronic clusters located in either intergenic regions or the introns of protein-coding genes^[@R25]^. We found reads that often (but not always) aligned to the 3′ end of each annotated snoRNA in a cluster ([Fig. 3b](#F3){ref-type="fig"}), consistent with the idea that they identified 3′ trimming of precursor RNAs. We also observed adjacent reads with no corresponding annotation, raising the possibility that we were detecting un-annotated snoRNAs. The complement of *A. thaliana* snoRNAs is relatively poorly defined (only 71 are annotated in TAIR10). We developed our own annotation of published *A. thaliana* snoRNAs, totaling 287 snoRNA genes and found DRS reads that matched almost every one ([Supplementary Table 8](#SD2){ref-type="supplementary-material"}). We detected reads exclusively associated with the snoRNA moiety of dicistronic tRNA--snoRNAs that are apparently unique to plants ([Supplementary Fig. 4a](#SD1){ref-type="supplementary-material"}), suggesting that maturation of snoRNA, but not tRNA, from these precursors involves exosome processing. We then ran snoRNA prediction programs to determine whether further DRS reads within clusters might correspond to previously unrecognized snoRNAs and validated expression of a specific example by RNA gel blot analysis ([Fig. 3c](#F3){ref-type="fig"}). Therefore DRS can aid the identification of ncRNAs that have not previously been discovered or annotated within TAIR10.

We used RT-PCR to confirm we were indeed detecting snoRNA processing intermediates: Evidence of contiguous RNAs between the site of DRS reads and upstream snoRNAs, consistent with snoRNA processing intermediates, was obtained using primers targeted to each such sequence ([Supplementary Fig. 4a-f](#SD1){ref-type="supplementary-material"}). Analysis of the nucleotide profiles adjacent to cleavage sites at snoRNAs revealed a pattern that contrasted markedly with that at cleavage sites found in protein coding genes ([Supplementary Fig. 5a,b](#SD1){ref-type="supplementary-material"}). These findings are consistent with the *cis*-elements and processing activities that generate polyadenylated RNAs at *A. thaliana* snoRNAs and pre-mRNAs being different.

We aligned previous tiling array analysis of *A. thaliana* exosome subunit knockdown lines^[@R24]^ with our DRS data, incorporating our updated snoRNA annotation. This showed that many open reading frames previously proposed to be regulated by the exosome^[@R24]^ actually corresponded to un-annotated snoRNAs ([Fig. 4a](#F4){ref-type="fig"}), raising the likelihood that snoRNA processing and not protein-coding gene regulation explains exosome activity at these loci. We also found widespread occurrences of DRS reads aligning only to one strand, whereas the exosome data aligned to both. Since DRS does not involve reverse transcription, it unequivocally determines the RNA strand of origin. Thus, an example of a gene (*At1g03740*) for which the exosome was proposed to affect RNA 3′ end formation^[@R24]^ may actually be explained by processing of snoRNAs coded on the other strand ([Fig. 4b](#F4){ref-type="fig"}). Artifacts resulting from the combined use of reverse transcriptase and tiling arrays may account for these distinguishing observations^[@R12],[@R14],[@R15],[@R26],[@R27]^ and suggests a need to reassess our current understanding of *A. thaliana* exosome targets. We conclude that DRS can identify polyadenylated decay intermediates for exosome processing, but that these represent a very small proportion of the poly(A)+ RNA of *A. thaliana* seedlings.

Antisense Poly(A)+ RNA from Convergent Gene Pairs {#S7}
-------------------------------------------------

DRS provides quantitative data on the sites of sense and antisense transcription in the absence of errors inherent to reverse transcription^[@R18]^. Previous estimates of *A. thaliana* antisense expression from different genome-wide tiling array platforms reported polyadenylated antisense RNA at either 7,600^[@R8]^ or 12,090^[@R9]^ *A. thaliana* genes. In contrast, we detected antisense expression (10 reads or more) at only 3,213 protein-coding genes. This discrepancy may be explained in part because our focus on 3′ ends means we do not identify transcripts from divergent gene pairs that overlap at their 5′ ends. In addition, some antisense RNAs may have been mis-scored because of artifacts arising from the use of reverse-transcriptase and tiling arrays^[@R12],[@R14],[@R15],[@R26]^. Further strand-specific RNA sequencing, not limited to 3′ ends, should resolve this issue.

Intergenic reads that mapped antisense to annotated coding genes accounted for 0.97% of all reads ([Figs. 1f](#F1){ref-type="fig"}, [5a](#F5){ref-type="fig"}). When we also considered reads that aligned to 3′UTRs, we found that 17.5% of all reads mapped to annotated convergent overlapping gene pairs ([Fig. 5b](#F5){ref-type="fig"}, [Supplementary Table 9](#SD2){ref-type="supplementary-material"}), corresponding to 1,581 pairs of protein-coding genes. Of these, we detected overlapping expression at both genes in 593 pairs. In the vast majority of these pairs (524) overlapping expression was restricted to 3′UTRs, with a median overlap distance of 47 nucleotides. As there is potential for this gene architecture to lead to transcription interference, or RNAi, one might predict mutually exclusive expression of each gene in such pairs. However, when the expression of annotated overlapping gene pairs is compared, the Spearman correlation coefficient of −0.015 shows no support for anti-correlated expression ([Fig. 5c](#F5){ref-type="fig"}). Likewise, when the expression of only the sub-set with overlap deduced from DRS reads mapping to each gene in a pair was considered, the Spearman correlation coefficient was only −0.028 ([Fig. 5d](#F5){ref-type="fig"}).

A sub-set of *Drosophila melanogaster* convergent gene pairs that overlap at their 3′ end are associated with siRNAs that match the site of overlap, but evidence of their regulatory impact is equivocal^[@R28]^. The paradigm for siRNA mediated anti-correlated expression of convergent overlapping gene pairs, or *cis*-natural antisense transcripts, comes from *A. thaliana SRO5* (*At5g62520*) and *P5CDH* (*At5g62530*)^[@R29]^. However, we found the sites of RNA 3′ end formation at each of these genes differ markedly from those annotated in TAIR10 and previously reported^[@R29]^. As a consequence, we found no evidence that these RNAs overlap in the region from which siRNAs were reported to derive ([Supplementary Fig. 6a](#SD1){ref-type="supplementary-material"}) and we suggest the siRNA-induced 3′ cleavage product of *P5CDH* identified by Borsani et al.^[@R29]^ is mis-assigned because the probe used would not detect *P5CDH*, but *SRO5* instead ([Supplementary Fig. 6a](#SD1){ref-type="supplementary-material"})^[@R29]^. Our findings are also inconsistent with the other key *A. thaliana* example of siRNA mediated anti-correlated gene expression involving the convergent gene pair *AtGB2* (*At4g35860*) and *PPRL* (*At4g35850*)^[@R30]^. In this case, an siRNA was proposed to mediate down regulation of *PPRL* through its complementarity to the *PPRL* 3′UTR^[@R30]^. However, our data, consistent with the current TAIR10 annotation, provides no evidence for such an overlap ([Supplementary Fig. 6b](#SD1){ref-type="supplementary-material"}). Importantly, we extend previous studies on *cis*-natural antisense transcripts because we provide the first definitive dataset on the site of 3′ end formation, defining overlap without depending on genome annotation, while simultaneously quantifying gene expression levels. From these data, we do not detect a general trend of anti-correlated expression at these gene pairs. This does not rule out the possibility that regulatory effects occur at such loci in specific circumstances, but we suggest that previous reports documenting examples of siRNA-mediated anti-correlated expression in *A. thaliana* should be carefully re-examined^[@R29],[@R30]^.

Rather than anti-correlated expression, another possibility is that transcription interference or RNAi may dampen expression of both genes in convergently overlapping gene pairs. However, average expression at such gene pairs was actually higher than at other genes: a mean of 599 reads at the 1048 genes in the overlapping gene pairs compared to 468 reads for single genes. This difference was statistically significant, as judged by a Kolmogorov--Smirnov test (p-value=0.0014; 524 convergent overlapping pairs compared with 12024 other genes where expression was detected by our peak finding algorithm).

Overall, we conclude that polyadenylated antisense RNA expression is a smaller constituent of the *A. thaliana* transcriptome than was recently proposed and that convergent gene pairs with overlapping 3′UTRs explain most poly(A)+ antisense RNA expression. There is no general trend associating this genome architecture with down-regulated gene expression, but this analysis does not rule out the possibility that such regulation might occur at specific sites in certain conditions.

Dual-Use poly(A) Signals in *A. thaliana* 3′UTRs {#S8}
------------------------------------------------

The extreme heterogeneity of RNA 3′ ends raises questions as to how *A. thaliana* mRNA 3′ ends form: for example, do specific sequences guide processing or is cleavage stochastic? Furthermore, how does 3′ end formation occur in convergent gene pairs with overlapping 3′UTRs? Since our dataset is the deepest and most accurate view of transcript structure available, we asked whether the analysis of these data could bring new insight to these questions. Since DRS provides a quantitative measure of RNA expression, we were able to make the first identification of preferred sites of 3′ end formation by application of our peak-finding algorithm ([Supplementary Fig. 2a](#SD1){ref-type="supplementary-material"}, [Supplementary Table 10](#SD2){ref-type="supplementary-material"}), classifying the most frequently used cleavage sites in each 3′UTR, the second most frequently used and so on (making the assumption that abundance reflects preference). This analysis shows that 74.90% of protein-coding genes expressed in these conditions have multiple alternative 3′ ends, but that most reads (59%) are associated with a preferred cleavage site.

We analyzed the sequence features associated with these cleavage sites in two ways. First, we identified sequence motifs enriched nearby and second, we analyzed the nucleotide preference profiles around cleavage sites. The most common motif associated with preferred sites was AAUAAA ([Fig. 6a](#F6){ref-type="fig"}), with its distribution peaking 19 nucleotides upstream of the cleavage site ([Supplementary Fig. 7a](#SD1){ref-type="supplementary-material"}) exactly matching the canonical metazoan poly(A) signal in sequence and position^[@R2]^. A U-rich motif UUGUUU ([Fig. 6b](#F6){ref-type="fig"}), located seven nucleotides upstream of the cleavage site ([Supplementary Fig. 7b](#SD1){ref-type="supplementary-material"}) was also found. Although most prominent, these particular motifs were found upstream of a relatively small fraction of cleavage sites, but related hexamers differing at only a single position (except AAAAAA and UUUUUU) showed similar distribution patterns ([Fig. 6c,d](#F6){ref-type="fig"}). This distribution of motifs was reflected in the nucleotide preference profiles adjacent to preferred cleavage sites (1^st^) which reveal an alternating pattern of U and A-rich sequences that correspond to U-rich upstream sequence elements (USE), the A-rich poly(A) signal (PAS) peaking at −20, the UUGUUU-like motif at −7 (that might be a binding site for the conserved cleavage and polyadenylation factor Fip1^[@R16],[@R31]^), a short A-rich sequence, and U-rich sequence (DSE) downstream of the cleavage site ([Fig. 6e-h](#F6){ref-type="fig"}).

AAUAAA-like and UUGUUU-like sequences were not found upstream of all preferred cleavage sites ([Fig. 6a,b](#F6){ref-type="fig"}). Nevertheless, nucleotide profile plots of sequences around preferred sites that lack these motifs still showed the same alternating pattern of U and A-rich sequences ([Supplementary Fig. 7c--f](#SD1){ref-type="supplementary-material"}), suggesting that they comprise closely related sequences that differ from these motifs at more than one position. In contrast, the distinguishing feature of non-preferred sites was the absence of an AAUAAA-like A-rich peak at −20 ([Fig. 6a;e--h](#F6){ref-type="fig"}). These data indicate that preferred and non-preferred sites in a 3′UTR are associated with different *cis*-element sequences.

This pattern of alternating U- and A-rich sequences closely resembles the one recently defined for *Caenorhabditis elegans*, which was proposed to encode poly(A) signals in different registers within the same 3′UTR^[@R16]^. In *A. thaliana*, this sequence organization may similarly explain heterogeneity in 3′ end formation and the occurrence of convergent gene pairs with overlapping 3′UTRs. For example, we found that the nucleotide profiles around neighboring cleavage sites in the same 3′UTR, which peaked at a distance of 15--20 nucleotides apart ([Fig. 7a](#F7){ref-type="fig"}), showed phasing of the A- and U-rich sequences in a manner consistent with them performing dual functions as distinct elements within overlapping poly(A) signals ([Fig. 7b](#F7){ref-type="fig"}). When we examined convergent overlapping gene pairs, we found that the distance from sense-strand cleavage sites to cleavage sites on antisense RNA strands peaked at −6 to +4 nucleotides and at −15 to −25 nucleotides ([Fig. 7c](#F7){ref-type="fig"}). The phasing in these instances enables, for example, A-rich poly(A) signal sequences on one strand to function as U-rich *cis*-elements guiding cleavage on the other ([Fig. 7d](#F7){ref-type="fig"}).

Therefore, this analysis reveals that although extremely heterogeneous, 3′ end formation is not stochastic, since most preferred sites of *A. thaliana* mRNA cleavage and polyadenylation are associated with clearly identifiable poly(A) signals and nucleotide profiles that are highly reminiscent of metazoan mRNA 3′UTRs. The multi-purpose functionality of these A- and U-rich sequence elements in *A. thaliana* 3′UTRs may account for the relative looseness of the consensus sequences derived for them compared to human poly(A) signals. However, this may also provide robustness to 3′ end formation within the same 3′UTR, effective at multiple heterogeneous sites, and facilitate genome compaction by eliminating intergenic sequence.

Discussion {#S9}
==========

Previously, the RNA 3′ ends of the model organism, *A. thaliana,* were poorly characterized, but defining the sites of 3′ end formation is essential for genome annotation and to understand the regulation of gene expression. We resolved the heterogeneity in 3′ end formation using quantitative DRS data to analyze cleavage sites separately, based on preference. This led to an understanding of *A. thaliana* 3′UTRs and 3′ end formation that is consistent with the detailed experimental dissection of the cauliflower mosaic virus (CaMV) poly(A) signal carried out by Hohn and co-workers: these analyses identified a U-rich upstream sequence element that enhanced 3′ end formation^[@R32]^ and showed that while each possible point mutation to the AAUAAA hexamer could be tolerated^[@R32]^, deletion of this hexamer abolished 3′ end formation^[@R33]^. At the time, this experimental work could not be generalized to other plant 3′UTRs. This is largely explained by our analysis, which reveals that 3′ end formation within the same 3′UTR is extremely heterogeneous; quantitative differences in cleavage site preference are associated with multifunctional overlapping poly(A) signals of relatively loosely defined sequence; and accurate and efficient 3′ end formation is combinatorial. As a result, the density and complexity of overlapping functional poly(A) signals in each *A. thaliana* 3′UTR makes the identification of sequences corresponding to those of the CaMV poly(A) signal difficult, if not impossible.

Alternative cleavage and polyadenylation within human 3′UTRs is intimately connected to miRNA-mediated regulation as human miRNA target sites are mostly found in 3′UTRs^[@R34]-[@R36]^. In contrast, *A. thaliana* miRNA target sites are generally found in open reading frames^[@R35]^. This distinction likely relates to differences in the extent of miRNA-target base-pairing and the resulting sensitivity of such duplexes to translocating ribosomes^[@R36]^. We speculate that the heterogeneity of RNA 3′ end formation we detect here may preclude robust miRNA-mediated regulation targeted to *A. thaliana* 3′UTRs. As a result, an interplay between differences in mRNA 3′ end formation and miRNA targeting may have contributed to the evolution of current target site distinctions.

We discovered that most poly(A)+ antisense RNAs derive from convergent gene pairs with overlap restricted to their 3′UTRs. One might expect such a gene arrangement to be rare because of the potential for either transcription interference or RNAi to compromise gene expression^[@R4],[@R5],[@R37]^. However, nearly one fifth of all our DRS reads derived from such gene pairs and we found no general trend of either anti-correlated or relatively reduced expression at these loci in our dataset. This might be because the seedling RNA we analyzed is derived from multiple cell types where transcription at convergent overlapping gene pairs could be spatially separated. Alternatively, depending on either allele-specific expression, or pulses of transcription, endogenous overlapping gene pairs may not necessarily be subject to transcription interference or RNAi. Expression of similar 3′ convergent gene pairs in the same cell type has been detected in *D. melanogaster* without resultant RNAi^[@R28]^. Previous analyses of *A. thaliana* convergent gene pair expression, albeit with less definitive datasets, also found no evidence of their regulation by RNAi^[@R38],[@R39]^. These findings stand in contrast to the paradigm of siRNA-dependent anti-correlated expression defined for the convergent gene pair *SRO5*/*P5CDH*^[@R29]^. However, our analysis casts doubt on the robustness of the data presented in that study suggesting that the conclusions should be revisited. Regardless, what is clear is that the convergent overlapping gene pairs identified here share 3′UTRs. Rather than being avoided, this genomic architecture may be favored because it drives genome compaction through the elimination of intergenic sequence. Our analysis indicates that the multi-functionality of U- and A-rich poly(A) signals enables this arrangement by facilitating 3′ end formation in sense and antisense RNAs. Since this is consistent with the recent analysis of *C. elegans* 3′UTRs^[@R16]^, this influence of 3′ end formation on genome organization may be quite general. It will be interesting to apply DRS to related species with larger or polyploid sequenced genomes to address whether shared 3′UTRs are restricted to compact genomes and select against transposon insertion. Additionally, we found mean expression levels at these overlapping gene pairs to be higher than at other genes. Perhaps, physical interactions between promoter and 3′ end regions (gene loops) juxtapose the promoters of convergent gene pairs with the same terminator creating a nexus that facilitates local recycling of factors essential for transcription^[@R2],[@R40]^.

We show that DRS avoids internal priming problems that confound oligo(dT) primed analyses of polyadenylated cleavage sites. Presumably, the environment of the sequencing flow-cell favors annealing of the 3′ poly(A) tail over intramolecular A-rich sequences. DRS obviates not only problems associated with reverse transcription^[@R12],[@R14],[@R15]^, but also the complex sample preparation and amplification that can affect quantification of RNA-seq data^[@R41]^. DRS has limitations too, since read-lengths are relatively short and indels may affect read alignments. Nevertheless, DRS should be a useful addition not only to the study of regulated 3′ end formation between samples, but other aspects of transcriptome analysis too. Overall, our findings suggest that viewing gene expression by sequencing RNA directly, rather than through the prism of reverse transcriptase-dependent copies, is not only feasible, but can have important consequences for the interpretation of transcriptome-wide data that in this case enabled new and revised insight into what the genome actually encodes, how it is organized and how that affects gene expression.

METHODS {#S10}
=======

Sample Preparation for DRS {#S11}
--------------------------

*A. thaliana* wild-type Columbia-0 (WT) seeds were sown on solid MS10 media, stratified for 2 days at 4°C and grown in a controlled environment room at a constant 24°C under 16 h light/ 8 h dark conditions. Seedlings were harvested 14 days after transfer to 24°C. Total RNA was purified using an RNeasy kit (Qiagen). No subsequent poly(A) of the RNA was performed and further procedures in preparation for sequencing were done as described previously^[@R42]^.

Filtering Procedures for DRS Datasets {#S12}
-------------------------------------

Unique DRS hits to the TAIR10 *A. thaliana* genome were identified using the open source Helisphere software (version 1.1.498.63) available at <http://open.helicosbio.com>. This software is optimized to deal better with DRS reads owing to an error model that is more appropriate to the Helicos technology. Each DRS sequence is read twice (once in each direction) by the sequencer and the consensus is aligned against the reference genome. This additional information (along with allowing for gaps in the reads and/or reference) enables the Helisphere aligner to find reliable matches for a greater number of DRS reads than other currently available programs. The indexDPGenomic aligner was given the following parameters: seed_size=18, num_errors=1, weight=16, min_norm_score=4, strands=both, read_step=4, best_only=1, max_hit_duplication=25, percent_error=0.2. filterAlign program was given the following parameters: min_score=4, min_best_score=4.0, local_ambig=rand, global_ambig=none, best_only=1. All reads aligning with \>4 indels were removed (5% of the original data set), as were reads having low complexity (dustmaster from the Blast+ package 2.2.22 with default parameters except for dust level score set to 15.0). This step removed a further 15.7% of reads. Some sites were found to have sub-optimal local alignments of multiple reads, therefore a heuristic iterative algorithm was developed and applied to such regions. We obtained 23,721,197 raw sequencing reads of which 10,387,610 reads aligned to the *A. thaliana* genome and 10,005,529 aligned uniquely. After this filtering process, 7,881,412 reads were analyzed further. Details of read properties are given in [Supplementary Table 11](#SD2){ref-type="supplementary-material"}. All images of read alignments were made with the Integrated Genome Browser^[@R43]^.

Computational Analysis of Potential Non-Templated Base Addition {#S13}
---------------------------------------------------------------

All TAIR10 annotated 3′UTRs (26,890) were collated and a non-overlapping set (22,724) was produced by enlarging same-strand overlapping UTRs to their maximal length. For each of these regions, 3′ ends of all DRS reads that mapped within UTR regions were analyzed. Starting from the 3′ end of each read, each base in turn was determined as being either identical to the genomic reference sequence or different (i.e. non-template). Insertions were also considered non-template positions. Once identity to the reference base was found, analysis for that read was stopped and the non-template base(s) reported. As a comparison, the same analysis was performed for the 5′ end and the 11th base from the 3′ end of each read. The 5′ and 3′ ends of reads are considered in the context of the matching strand in the genome; thus read 5′ and 3′ ends (and read sequences) are reversed for reverse strand matches.

[Supplementary Table 1](#SD2){ref-type="supplementary-material"} details the non-template base preferences found for the 3′ end, 5′ end and 11th base positions of reads. 273,239 reads (3.5% of total reads) mapping to 19,044 3′UTR regions were found to contain apparent non-template bases at the 3′ end compared to 698,296 (8.9%) and 338,249 (4.3%) reads for the 11^th^ base position and 5′ end, respectively. Single base changes dominate, accounting for \>90% of all the non-template bases at each position within the reads. Adenine cannot be seen as a 3′ end non-template base as it makes up the poly(A) tail and therefore is not sequenced.

Data Smoothing {#S14}
--------------

We replaced the real signal distribution in a given region with an approximate function. We convoluted expression at each site with coordinate p~0~ if the site had \>1.5 raw reads in the region with the Gaussian function G(*N*,*p~0~*,*α*)=*N*·exp(-(*p*-*p~0~*)^2^/2·*α*^2^), where *N* is a normalization factor, *ρ* is a smoothing factor, and *p* can change within an interval \[*p~0~*-*p~f~*, *p~0~*+ *p~f~*\]. The normalization factor *N* was defined to have the same summed expression within the interval as the initial expression at the site. The smoothing factor *ρ*=2 nts (the technical uncertainty of DRS). The interval width *p~f~* was defined from the condition that expression after smoothing at the position *p~0~*-*p~f~* (*p~0~*+ *p~f~*) is 1.5 raw reads (in most cases *p~f~* is less than this due to rounding). The smoothing algorithm did not change the total number of reads in an experiment, but altered their distribution as illustrated in [Supplementary Fig. 1a](#SD1){ref-type="supplementary-material"}. All further analyses utilized the smoothed DRS reads.

Peak-Finding Algorithm {#S15}
----------------------

Sites of smoothed DRS read expression were combined into probable cleavage site (CS) peaks within a gene. Peaks were identified by iterating over the most expressed positions, *p~n~*, in a gene and combining all immediately adjacent expressed positions into a single peak corresponding to the same total expression until all reads in a gene were included within CS peaks. More specifically, adjacent positions at *p~n+i~* or *p~n-i~*, were combined until a position with no expression or a position's expression was higher than the position next nearest to the central peak, *pn+i-1* (or *pn-i+1*) was encountered.

This algorithm found 222,270 CS peaks in 3′UTRs of all coding genes in our smoothed data set. However, a significant proportion of the CS peaks were supported by only a few raw reads. Hence, we focused our analysis on CS peaks with \>9 raw reads. 49,916 peaks were found (93.3% of all reads aligning to 3′UTRs).

The CS peaks for each gene were enumerated as 1^st^, 2^nd^, ..., N^th^ peaks in order of read counts per peak, highest first. 10,722 coding genes have \>1 CS peak. 58.2% of sequenced RNAs, which are aligned in 3′UTRs, were cleaved at the positions of the 1^st^ peaks.

Re-Annotation of Coding Genes {#S16}
-----------------------------

The ends of 3′UTRs were extended under two conditions: 1) if a smoothed peak extended beyond the annotated end by more than one base, or 2) if up to a maximum of 300nt from the annotated end of a peak with \>5 raw reads was found; the most downstream base covered by that peak was defined as the new end. These conditions refined the annotation of 10,215 genes and constructed novel 3′UTRs for 165 genes. 54.3% of formerly intergenic reads were re-annotated as within coding genes.

Motif Analysis {#S17}
--------------

Histograms in [Fig. 6a and b](#F6){ref-type="fig"} were built by counting CS with a hexamer at a given distance from CS. We applied a background correction to the counts. In particular, each CS was assigned a background weight, which took into account the probability of finding a given hexamer taking into account the AUCG composition near the CS. The probability was calculated as *p~hex~*=f(A)n(A)·f(U)n(U)·f(G)n(G)·f(C)n(C), where f(A,U,C,G) are the frequencies of A,U,C,G in a neighbor region and n(A,U,C,G) are the numbers of A,U,C,G in the hexamer. The nucleotide frequencies were estimated within the neighbor region length of 40nts around the hexamer as f(A/U/C/G)=*N*(A/U/C/G)/40, where *N*(A/U/C/G) is the number of corresponding nucleotides in the region. The background weight was calculated as the ratio of the probability of having a random hexamer, i.e. (1/4)^[@R6]^=1/4096 of the hexamer probability. Thus, the background weight was region-dependent and changed from one CS to another.

Prediction of snoRNA Genes {#S18}
--------------------------

Novel snoRNA candidates were identified with the snoSeeker-1.1^[@R44]^ snoRNA predictor. Box C/D and H/ACA snoRNAs are identified with two sub-programs CDseeker and ACAseeker, respectively. We applied *C~cutoff,min~*.=19.0 for CDseeker and *C~cutoff,min~*.=20.0 for ACAseeker. All other parameters were set to default values. Input sequences to the snoSeeker algorithms were prepared from 601nt sequences centered on sites of DRS expression (as the longest snoRNA identified was 300nt long and we wished to search both up- and down-stream). A total of 31,842 input sequences were prepared. Then we required the presence of at least 5 DRS reads (for C/D snoRNAs) and 2 reads (for H/ACA snoRNAs) within a quarter of the length of the snoRNA candidate nearest to its 3′ end or 20 nts downstream of the 3′ end. Known snoRNAs were collated from the Plant snoRNAs Database (<http://bioinf.scri.ac.uk/cgi-bin/plant_snorna/home>) and literature^[@R45]-[@R47]^.

RNA Gel Blot Analysis of snoRNAs {#S19}
--------------------------------

RNA was isolated with TRI Reagent (Sigma-Aldrich). 10μg of total RNA was analyzed by electrophoresis on 8% acrylamide/8M urea gels. Electrotransfer onto nylon membrane (Hybond-N+) was followed by 2 min UV cross-linking at 200mJ/cm^2^. Membranes were probed with 10 pmol of DNA oligonucleotide probe end-labeled with \[γ-^32^P\] ATP using T4 polynucleotide kinase. Pre-hybridization of the membranes was carried out in 50% formamide, 0.5% SDS, 5×SSPE, 5×Denhardt's solution and 20μg/ml denatured salmon sperm DNA. Hybridizations were performed in the same solution at 37°C. After hybridization, the membranes were washed in 2×SSC, 0.1% SDS at 37°C 3 times for 5 min.

Rapid Amplification of cDNA Ends (3′RACE) {#S20}
-----------------------------------------

3′RACE was performed using the FirstChoice® RLM-RACE Kit Protocol (Ambion) according to the manufacturer's instructions. The reaction was started with 250ng of poly(A)+ RNA. Multiple PCR products were purified, cloned into the pGEM-T vector (Promega) and sequenced.

Primers Used in This Study {#S21}
--------------------------

A list of primers used is given in [Supplementary Table 12](#SD2){ref-type="supplementary-material"}.
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![Genome-Wide Patterns of *A. thaliana* RNA 3′ End Formation\
**(a)** Genome-wide distribution of DRS reads before re-annotation. **(b)** Example of DRS alignment to an annotated 3′UTR showing extreme heterogeneity of cleavage sites. Exons are denoted by rectangles and UTRs by adjoining narrower rectangles. **(c, d)** comparison of TAIR10 (black) and proposed DRS-dependent (grey) annotations for *At1g73885* (a previously undefined 3′UTR) and *At4g13615* (an extended 3′UTR). RT-PCR with amplicons denoted by dashed lines shows evidence of contiguous RNAs. **(e)** Genome-wide distribution of DRS reads after re-annotation. **(f)** Distribution of DRS reads mapping to protein-coding genes after re-annotation.](emss-48846-f0001){#F1}

![Internal Priming is Rare or Absent in DRS\
Nucleotide composition plots around proposed cleavage sites deduced from reads mapping to coding sequence exons reported by Wu at al.^[@R10]^ either without **(a)** or with **(b)** DRS confirmation. The 90.5% of sites without DRS support (a) show a nucleotide profile consistent with them being artifacts resulting from internal priming. In contrast, the 9.5% of sites with DRS support show an alternating pattern of A and U-rich sequence characteristic of *A. thaliana* 3′UTRs.](emss-48846-f0002){#F2}

![Identification of Un-annotated or Previously Undetected ncRNAs\
**(a)** Reads mapping to the locus encoding U12 snRNA. **(b)** Reads mapping to a known snoRNA cluster. **(c)** SnoSeeker-predicted H/ACA snoRNA (purple) found in the known snoR152a/snoR152b (blue) cluster and validated by RNA gel blot analysis. The secondary structure prediction (ViennaRNA-1.8.4), and the position of box H and ACA sequences consistent with this class of snoRNA are indicated.](emss-48846-f0003){#F3}

![Identification of ncRNAs at Sites Affected by the Exosome\
**(a)** Comparison of DRS reads (black) with exosome knockdown array data (red) for the *At3g13920* open reading frame, suggested to be regulated by the exosome^[@R24]^, which also encodes a known but un-annotated snoRNA (blue). **(b)** Comparison of DRS reads (black) with exosome knockdown array data (red) showing differences in strand specificity. The previously proposed role of the exosome in controlling 3′ end formation at *At1g03740* may now be explained by processing of snoRNAs that are not annotated (blue) or annotated (black) in TAIR10 on the other strand and artifacts resulting from reverse transcriptase and tiling arrays.](emss-48846-f0004){#F4}

![Most Antisense Expression Derives from Convergent Gene Pairs with Overlapping 3′UTRs\
**(a)** Example of intergenic DRS reads mapping antisense to a coding gene. The upper panel shows reads mapping to the (+) strand 3′ end of *At1g78000* and *At1g78010*, while the lower panel shows intergenic reads (i.e. reads that don't align to an annotated genome feature) antisense to *At1g78000*. **(b)** Example of reads mapping to 3′UTRs of a convergent overlapping gene pair. **(c)** Scatterplot of coding gene log~10~ expression for all convergent gene pairs in TAIR10 with 10 or more reads per gene. The Spearman correlation coefficient (*ρ* = −0.015) shows no evidence of anti-correlated expression. **(d)** Scatterplot of coding gene log~10~ expression for all convergent gene pairs with overlap detected by our peak finding algorithm (524 pairs). The Spearman correlation coefficient (*ρ* = −0.028) also shows no evidence of anti-correlated expression.](emss-48846-f0005){#F5}

![*Cis*-Element Analysis at Cleavage Sites\
**(a,b)** Fraction of cleavage sites with AAUAAA-like and UUGUUU-like hexamers found within a 50-nucleotide region upstream: **(a)** AAUAAA and 17 single point mutation hexamers (AAAAAA excluded); **(b)** UUGUUU and 17 single point mutation hexamers (UUUUUU excluded). The total sum of all fractions exceeds 100% because some cleavage sites have more than one such hexamer within the upstream region. The cleavage sites are classified by preference of usage: 1^st^ (most preferred, i.e. corresponding to the site with largest amount of DRS reads mapped to it) through to 8^th^ (least preferred) in a given 3′UTR. **(c)** Distribution of AAUAAA-like motifs relative to preferred cleavage site. **(d)** Distribution of UUGUUU-like motifs relative to preferred cleavage site. **(e-h)** Nucleotide composition profiles around cleavage sites ranked by preference of usage: 1^st^ (most preferred) through to 8^th^ (least preferred) indicating that preferred and non-preferred sites in a 3′UTR are associated with different sequences. The proposed designation of alternating U- and A-rich sequences at preferred cleavage sites is shown in **(e):** USE (upstream sequence element), PAS (poly(A) signal), the U-rich sequencing upstream of the cleavage site has been proposed to be the binding site of FIP1^[@R16]^ and while this remains to be clearly established this labeling is useful for distinguishing different U-rich sequences, DSE (downstream sequence element).](emss-48846-f0006){#F6}

![Multifunctional *Cis*-Elements within the Same 3′UTR\
**(a)** Distance between cleavage sites in the same 3′UTR with peaks in distribution of adjacent sites marked by colored bands. **(b)** Nucleotide composition plots for adjacent sites located 15--20 nucleotides (left plot) or 35--40 nucleotides (right plot) apart. **(c)** Distance between cleavage sites in sense and antisense 3′UTRs of convergent gene pairs with peaks in distribution of adjacent sites marked by colored bands. **(d)** Nucleotide composition plots for adjacent sense and antisense cleavage sites peaking at −25 to −15 nucleotides (left plot) or−6 to +4 nucleotides (right plot).](emss-48846-f0007){#F7}
